Higashi Y, Sukhanov S, Parthasarathy S, Delafontaine P. The ubiquitin ligase Nedd4 mediates oxidized low-density lipoproteininduced downregulation of insulin-like growth factor-1 receptor. Am J Physiol Heart Circ Physiol 295: H1684 -H1689, 2008. First published August 22, 2008 doi:10.1152/ajpheart.00548.2008.-Oxidized lowdensity lipoprotein (LDL) is proatherogenic and induces smooth muscle cell apoptosis, which contributes to atherosclerotic plaque destabilization. We showed previously that oxidized LDL downregulates insulin-like growth factor-1 receptor in human smooth muscle cells and that this is critical for induction of apoptosis. To identify mechanisms, we exposed smooth muscle cells to 60 g/ml oxidized LDL or native LDL and assessed insulin-like growth factor-1 receptor mRNA levels, protein synthesis rate, and receptor protein stability. Oxidized LDL decreased insulin-like growth factor-1 receptor mRNA levels by 30% at 8 h compared with native LDL, and this decrease was maintained for up to 20 h. However, insulin-like growth factor-1 receptor protein synthesis rate was not altered by oxidized LDL. Pulse-chase labeling experiments revealed that oxidized LDL reduced insulin-like growth factor-1 receptor protein half-life to 12.2 Ϯ 1.7 h from 24.4 Ϯ 4.7 h with native LDL. This destabilization of insulinlike growth factor-1 receptor protein was accompanied by enhanced receptor ubiquitination. Overexpression of dominant-negative Nedd4 prevented oxidized LDL-induced downregulation of insulin-like growth factor-1 receptor, suggesting that Nedd4 was the ubiquitin ligase that mediated receptor downregulation. However, the proteasome inhibitors lactacystin, MG-132, and proteasome inhibitor-1 failed to block oxidized LDL-induced downregulation of insulin-like growth factor-1 receptor. Thus oxidized LDL downregulates insulinlike growth factor-1 receptor by destabilizing the protein via Nedd4-enhanced ubiquitination, leading to degradation via a proteasomeindependent pathway. This finding provides novel insights into oxidized LDL-triggered oxidant signaling and mechanisms of smooth muscle cell depletion that contribute to plaque destabilization and coronary events. atherosclerosis; smooth muscle; oxidative stress DESTABILIZATION OF ADVANCED atherosclerotic lesions is characterized by erosion or rupture of the plaque, thrombosis, and subsequent partial or complete blockade of blood flow. Advanced atherosclerotic lesions that are prone to erosion and rupture typically present irregular thickening of the arterial intima, inflammatory cell accumulation, extracellular lipid, and fibrous tissue deposition (1, 9, 18, 26) . Although accumulation of vascular smooth muscle cells (SMCs) (18) resulting from their migration and proliferation is an important feature of developing atherosclerotic lesions, as the lesion formation progresses, there is significant loss of SMC number and integrity in the newly formed intima. As a consequence, the advanced atherosclerotic plaque becomes rich in lipid-laden foam cells and generally has a thin fibrous cap (1, 9, 26), which increases the risk of destabilization. Oxidatively modified lowdensity lipoprotein (oxLDL), which is taken up by scavenger receptors on multiple cell types in the vascular wall, including SMCs, is a critical mediator of atherosclerotic plaque development (23). oxLDL stimulates proliferation of vascular cells (2, 4, 29), but we (12) and others (3, 13, 15) have reported that oxLDL can also contribute to vascular cell death. Thus oxLDL colocalizes with the pro-apoptotic Bcl-2 family protein BAX and TUNEL-positive SMC in the intima (20), suggesting that oxLDL has a pivotal role in vascular cell death and subsequent destabilization of the plaque. In previous studies, we have found that oxLDL markedly downregulates insulin-like growth factor-1 (IGF-1) and IGF-1 receptor (IGF-1R) expression in SMC (21). Since IGF-1 is a potent survival factor for vascular SMCs (5, 30), we have proposed that the oxLDL downregulation of IGF-1R expression and signaling (12) promotes SMC death in atherosclerotic plaque (14, 15, 17) . Indeed, we have found that forced expression of IGF-1R in human SMC can counteract the cell-death-inducing effect of oxLDL (16). In this study, we determined mechanisms whereby oxLDL reduces IGF-1R protein expression. Our findings indicate that oxLDL shortens the half-life of the IGF-1R through an ubiquitindependent but proteasome-independent pathway. These results have important implications for understanding the process of SMC death leading to atherosclerotic plaque destabilization.
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Blood Center, New Orleans, LA) by sodium bromide stepwise density gradient centrifugation and then dialyzed against PBS containing 0.25 mM EDTA to remove sodium bromide. oxLDL was prepared as previously described. Briefly, an aliquot of the nLDL fraction was passed through a 10DG desalting column (Bio-Rad) to remove EDTA, then the nLDL fraction (0.2 mg/ml, diluted in PBS) was incubated with 5 M CuSO 4 at 37°C for 3 h. The reaction was stopped by adding EDTA (final concentration 0.25 mM). The oxLDL prepared under these conditions showed an increase in relative mobility on agarose gel electrophoresis, and the value for thiobarbituric acidreactive substances (TBARS) in oxLDL was 37.2 Ϯ 1.2 nmol malondialdehyde/mg protein. TBARS was not detectable in nLDL.
RNase-protection assay and real-time PCR. To determine the effects of oxLDL on IGF-1R mRNA levels, cultured human aortic SMCs were exposed to either oxLDL or nLDL (60 g/ml) for various times. Total RNA was extracted from the cells using the TriPure isolation reagent (Roche) and was subjected to solution hybridization/ RNase protection assays, which were performed using RPAIII Ribonuclease Protection Assay Kit (Ambion). In brief, 30 g of total RNA was hybridized to a [ 32 P]UTP-labeled antisense riboprobe generated by T3 polymerase transcription of a linearized plasmid containing partial sequence of the human IGF-1R cDNA (nt no. 1-295). RNA was co-hybridized using a ␤-actin riboprobe (nt no. 327-464). After RNase digestion, RNase in the reaction mixture was inactivated, and RNA was precipitated by isopropanol and analyzed on a denaturing polyacrylamide urea gel. Protected IGF-1R and ␤-actin mRNA fragments are 295 and 138 bp, respectively. Autoradiograms were exposed for 1-3 days on X-ray films and protected bands were quantitated densitometrically. In addition, IGF-1R mRNA levels were measured using real-time PCR with primers for IGF-1R and for ␤-actin, GAPDH, 18s rRNA, or ␤2-microglobulin as controls. Assays were performed as previously described (24) .
Western blot analysis. Cells were washed with PBS and lysed in RIPA buffer, containing 150 mM NaCl, 20 mM Tris-Cl, pH 7.2, 1 mM EDTA, 1% NP40, 5 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 0.1 M okadaic acid, 0.1 M aprotinin, 10 g/ml leupeptin, and 10 mM NaF. Lysates were subjected to 10% SDS-PAGE and Western blotting analysis. Immunopositive bands were visualized by enhanced chemiluminescence (ECL; Amersham). Blots were stripped and reprobed with monoclonal anti-␤-actin antibody as a control for equal loading. For experiments to determine effects of proteasome or proteinase inhibitors, cells were exposed to lipoproteins in the presence or absence of 10 M inhibitor before analysis via Western blot. 35 S]cysteine (final 100 Ci/ml) was added into the culture, and the incubation was continued for an additional 2, 4, and 8 h. Cell lysates were collected at each time point and then were subjected to the immunoprecipitation-SDS-PAGE analysis to measure the incorporation of radioactivity into specific proteins.
Immunoprecipitation. Supernatants of cell lysates after centrifugation at 12,000 g for 10 min at 4°C were incubated with anti-IGF-1R antibody or anti-␤-actin antibody for 1 h with gentle rotation at 4°C. After addition of protein A/G-agarose (Santa Cruz Biotechnology), the incubation continued overnight at 4°C. The precipitates were washed with RIPA buffer for three times and then were suspended in Sample buffer (10% SDS, 2 M 2-mercaptoethanol, 20% sucrose, 0.015% bromophenol blue, 50 mM Tris, pH 6.8), followed by heating in boiling water for 5 min to extract precipitated proteins. Extracted proteins were resolved on 10% SDS-PAGE gels and detected by using FLA-3000 Bio-Imaging Analysis System (Fujifilm).
Plasmid and transfection. CMV5-DnNedd4 plasmid DNA, which encodes dominant-negative Nedd4 (C854S), is a kind gift from Dr. Shin-Ichiro Takahashi (The University of Tokyo, Tokyo, Japan). The plasmid was introduced into cells by electroporation, using a Nucleofector Kit for primary SMCs in the Nucleofector device according to the manufacturer's instructions (Amaxa, Gaithersburg, MD). The cells were subjected to experiments 24 h after transfection.
RESULTS
oxLDL decreased IGF-1R mRNA levels but did not alter IGF-1R synthesis rate. We confirmed that oxidatively modified LDL (oxLDL) downregulates IGF-1R protein levels in human aortic SMCs by 70 -80% after 24 h of co-incubation (data not shown), as we have reported previously (12) . To determine whether oxLDL modulates IGF-1R mRNA levels, we exposed SMCs to oxLDL or nLDL for 4 -20 h and analyzed total RNA by solution hybridization-RNase protection assays. A small (ϳ30%) but significant decrease in IGF-1R mRNA levels was observed as early as 8 h after exposure to oxLDL (Fig. 1B) , and this was sustained for up to 20 h. To confirm this result, we performed real-time PCR and found that oxLDL reduced IGF-1R by 53, 48, 38, and 43% with ␤-actin, 18s rRNA, ␤2-microglobulin, and GAPDH as internal controls at 20 h. To evaluate the significance of this decrease in mRNA levels in downregulation of IGF-1R protein, we assessed IGF-1R de novo synthesis. We determined the incorporation of radiolabeled methionine and cysteine into IGF-1R protein starting at 12 h up to 20 h of co-incubation with oxLDL, which is the time window corresponding to downregulation of IGF-1R by oxLDL (12) . As shown in Fig. 2 , radiolabel incorporation increased linearly for the initial 4 h, which corresponds to a time duration from 12 to 16 h of co-incubation with oxLDL. The incorporation rate was comparable between nLDL-and oxLDL-treated cells. It is noteworthy that radiolabel incorporation reached a plateau after 4 h of radiolabel coincubation in oxLDL-treated cells, although it increased linearly until 8 h or longer in nLDL-treated cells. We assume that the lower incorporation rate of radiolabel in oxLDL-treated cells after 4 h resulted from increased degradation of synthesized IGF-1R in oxLDL-treated cells. The results shown here clearly indicate that, although oxLDL decreases IGF-1R mRNA levels, there is no change in receptor synthesis rate. ␤-Actin synthesis rate as measured by radiolabel incorporation between 0 and 2 hs was also not different between nLDL-and oxLDL-treated cells (Fig. 2B) .
oxLDL shortens IGF-1R protein half-life. To examine potential destabilization of IGF-1R protein by oxLDL, we performed metabolic label and chase analysis. The half-life of IGF-1R protein was 12.2 Ϯ 1.7 and 24.4 Ϯ 4.7 h in oxLDL-and nLDL-treated cells, respectively ( Fig. 3 ; P ϭ 0.025 by Student's t-test). ␤-Actin protein half-life was not altered significantly by oxLDL co-incubation (Fig. 3) . This result indicates that oxLDL destabilizes IGF-1R protein in human SMC.
oxLDL enhances ubiquitination of the IGF-1R. Because our data suggested that oxLDL may enhance degradation of the IGF-1R, we examined potential receptor ubiquitination, which reportedly contributes to the downregulation of IGF-1R induced by the lower availability of a tumor suppressor, p53 (8, 27) , or by IGF-1-ligand binding (27) . SMCs were exposed to lipoproteins for 6 h with or without the proteasome inhibitor MG-132, and IGF-1R was immunoprecipitated and associated ubiquitination was determined by Western blot analysis (Fig. 4) . oxLDL caused an increase in ubiquitin-associated signals (Fig.  4, lane 3) ; intriguingly, MG-132 produced an increase in IGF-1R ␤-chain ubiquitination in nLDL-but not in oxLDLtreated cell lysates (Fig. 4, lanes 4 -6) . The lack of elevation in ubiquitinated IGF-1R level in oxLDL-treated cell lysates with MG-132 could be due to limited availability of monomer ubiquitin molecules for proteins with a long half-life, such as IGF-1R, or alternatively it may be caused by enhanced oxLDLinduced degradation of IGF-1R by a proteolytic activity other than the proteasome. In serum-free medium and nLDL-treated cells, the ubiquitinated IGF-1R appeared to be degraded by the proteasome, as suggested by the elevation in levels of ubiquitinated IGF-1R following exposure to the proteasome inhibitor MG-132 (Fig. 4, lanes 4 and 5) . We reprobed the same membrane with anti-IGF-1R antibody (Fig. 4, bottom) and found no significant difference in IGF-1R levels between nLDL-and oxLDL-treated cell lysates, likely because the co-incubation time with oxLDL was too short to produce significant receptor downregulation. Interestingly, MG-132 increased IGF-1R levels (Fig. 4 , bottom, compare lanes 1-3 and lanes 4 -6) , consistent with basal turnover of the IGF-1R being mediated by the ubiquitin-proteasome pathway. Taken together, our results indicate that the IGF-1R undergoes ubiquitination and that oxLDL increases IGF-1R ubiquitination. However, our results suggest that, contrary to the case with nLDL or serum-free treated cells, oxLDL induces ubiquitination of the IGF-1R, which is then degraded by a pathway that is not MG132 inhibitable and therefore likely proteasomeindependent.
The ubiquitin ligase Nedd4 mediates oxLDL-induced IGF-1R ubiquitination. To determine the role of oxLDL-induced ubiquitination in the downregulation of IGF-1R, we transfected SMCs with an expression plasmid for a dominant negative form of Nedd4 (DnNedd4), which has a single amino acid substitution at Cys-854 to a serine residue to eliminate its enzymatic activity (7) and exposed the cells to oxLDL. Nedd4 is a ubiquitin ligase that has been reported to mediate ligandinduced downregulation of IGF-1R in mouse embryo fibroblasts (27) . The transfection efficiency was ϳ50 -60% based on green fluorescent protein expression, which was transfected simultaneously (data not shown). Western blot analysis indicated that exposure to oxLDL for 24 h resulted in an 80% decrease in IGF-1R, and this decrease was markedly inhibited by DnNedd4 ( Fig. 5 ; 55% inhibition), indicating involvement of Nedd4 in IGF-1R downregulation.
oxLDL-induced IGF-1R degradation is mediated by a proteasome-independent pathway.
To determine whether the ubiquitination-dependent proteasomal degradation is involved in oxLDL-induced IGF-1R downregulation, cells were co-incubated with lipoproteins and MG-132 for 24 h, and IGF-1R expression was determined by Western blotting. MG-132 increased levels of MDM2 protein, a known substrate for the ubiquitin-proteasomal degradation pathway, indicating that MG-132 effectively blocked proteasome activity (Fig. 6) . However, oxLDL-induced downregulation of IGF-1R was not prevented by MG-132 (Fig. 6) . Other proteasome inhibitors, namely lactacystin and proteasome inhibitor-1, also failed to prevent oxLDL-induced downregulation of IGF-1R (data not shown). We tested other protease inhibitors to characterize the oxLDL-induced degradation pathway for IGF-1R (Fig. 7) . Three of the tested inhibitors (calpain inhibitor III, PD150606, and calpeptin) inhibit the calpain-dependent pathway, and the other two (ALLN and EST) possess a range of inhibitory specificities toward proteolytic enzymes, including calpain, lysosomal cathepsins, and the proteasome (ALLN). Among those tested, only ALLN blocked oxLDL downregulation of IGF-1R (Fig. 7) .
DISCUSSION
Studies from our laboratory have shown that there is decreased expression of IGF-1R in SMCs or smooth musclederived cells in neointima of atherosclerotic plaque (20) and that downregulation of IGF-1R co-localizes with presence of oxLDL (19) . Futhermore, we have shown that oxLDL decreases IGF-1R in cultured human SMC (12) . In this study, we investigated potential mechanisms for oxLDL downregulation of IGF-1R. We found that oxLDL caused a decrease in IGF-1R mRNA levels by ϳ30% after 8 h of exposure (Fig. 1) . Despite the apparent decrease in IGF-1R mRNA, direct assessment of IGF-1R protein synthesis rate by measuring 35 S-Met/Cys in- Fig. 4 . oxLDL increases IGF-1R ubiquitination. Human aortic SMCs were incubated in serum-free medium (lanes 1 and 4) or in serum-free medium with 60 ug/ml nLDL (lanes 2 and 5) or 60 g/ml oxLDL (lanes 3 and 6), in the absence or presence of 10 M MG-132 for 6 h. IGF-1R was immunoprecipitated and subjected to Western blot using anti-ubiquitin polyclonal antibody (top). Ubiquitin-associated IGF-1R signals are indicated by an arrowhead (Ubi-IGF-1R). The same blot was reprobed with anti-IGF-1R antibody (bottom). Fig. 3 . oxLDL shortened IGF-1R half-life in human aortic SMCs. SMCs were labeled with 35 S-Met/Cys for 16 h, washed, and then chased for 24 h in serum-free medium with lipoproteins. Cell lysates were collected at 0, 6, 12, and 24 h of chase and subjected to immunoprecipitation for IGF-1R (A) and ␤-actin (B), followed by SDS-PAGE and autoradiography. The time-dependent change in radioactivity is expressed relative to the time 0 in nLDL (60 g/ml; ■) and oxLDL (60 g/ml; ᮀ) treated cells. Graphs were averaged from four independent experiments. Fig. 5 . Dominant-negative Nedd4 overexpression attenuated oxLDL downregulation of IGF-1R. Human aortic SMCs were transfected with GFP-or dominant-negative Nedd4-expression plasmid and exposed to nLDL or oxLDL (60 g/ml) for 24 h, followed by Western blot analysis. The graph indicates relative IGF-1R levels normalized to ␤-actin levels. GFP-N, GFP-expressing and nLDL treated; GFP-Ox, GFP-expressing and oxLDL treated; DnNed-N, dominant-negative Nedd4-expressing and nLDL treated; DnNed-Ox, dominant-negative Nedd4-expressing and oxLDL treated. *Dominant-negative Nedd4 inhibition of oxLDL induced IGF-1R downregulation is statistically significant (P Ͻ 0.01, n ϭ 4). corporation indicated that there was no obvious decrease in IGF-1R protein synthesis (Fig. 2) . The oxLDL-induced decrease in mRNA could have been compensated for by other mechanisms; as we reported previously (12) , oxLDL induces generation of reactive oxygen species, which can stimulate multiple signaling pathways, including those upstream of the translational machinery, leading to phosphorylation on eukaryotic initiation factor 4E to enhance its activity (6, 28) . Thus it is possible that the small decrease in IGF-1R mRNA levels induced by oxLDL was compensated for by increased translational activity.
Since changes in IGF-1R mRNA levels were unlikely to account for the receptor protein downregulation, we examined the half-life of IGF-1R protein and found that it was reduced from 24.4 Ϯ 4.7 to 12.2 Ϯ 1.7 h by oxLDL, suggesting that destabilization of IGF-1R protein is the primary mechanism for the downregulation by oxLDL. The turnover of proteins expressed on the plasma membrane results from highly regulated processes, such as internalization, targeting to endosomes/ lysosomes, and sorting for either recycling or degradation. It has been shown that, for some membrane proteins, such as ErbB, ubiquitination is a key regulatory step for their turnover (reviewed in Ref. 25) ; in fact, it has also been suggested that ubiquitination is an important event for IGF-1R downregulation in response to reduced p53 expression (8) , ligand-binding (27) , and Herbimycin A (8, 22, 27 ). Thus we addressed potential involvement of the ubiquitin-proteasome system in oxLDL downregulation of IGF-1R in human SMC and found that the IGF-1R is a substrate for and, moreover, oxLDL enhances conjugation with ubiquitin (Fig. 4) . A well documented consequence of ubiquitination on proteins is the degradation of the particular protein by the proteasome, and this is the case with IGF-1R expressed in human aortic SMCs, at least in serum-free and nLDL co-incubated conditions; thus MG-132 increased IGF-1R-ubiquitin conjugates (Fig. 4, top) , demonstrating that IGF-1R is a substrate for ubiquitination, and also increased levels of IGF-1R protein after 24 h (Fig. 4,  bottom) , consistent with proteasome-dependent degradation. The importance of ubiquitination for oxLDL downregulation of IGF-1R is supported by the results obtained using dominantnegative Nedd4 overexpression (Fig. 5) . Nedd4 is an ubiquitin ligase that mediates IGF-1R ubiquitination on ligand binding, leading to receptor downregulation (27) . Our results indicate that dominant negative Nedd4 overexpression markedly attenuates oxLDL downregulation of IGF-1R (Fig. 5) . It is likely that the incomplete inhibition resulted from the transfection efficiency of dominant-negative Nedd4 expression plasmid being 50 -60%. However, MG-132 and other proteasome inhibitors (lactacystin, proteasome inhibitor 1) failed to prevent oxLDL downregulation of IGF-1R (Fig. 6 ), indicating that oxLDL-induced degradation of IGF-1R is not mediated by proteasome activity.
Little is known about cellular mechanisms of IGF-1R turnover and in particular degradation. Girnita et al. (8) showed that decreased expression of tumor suppressor p53 protein causes ubiquitination and subsequent degradation of the IGF-1R via the proteasome. Sepp-Lorenzino et al. (22) reported that IGF-1R downregulation induced by Herbimycin A is mediated by the ubiquitin-proteasome system. Vecchinoe et al. (27) demonstrated that IGF-1 binding causes IGF-1R-ubiquitination and subsequent proteolysis via both the proteasomal and lysosomal pathways. Our results suggest that, in human aortic SMCs, ubiquitination and subsequent degradation by the proteasome contribute to basal turnover of IGF-1R protein. However, whereas ubiquitination contributes to the oxLDL downregulation of IGF-1R, proteasome involvement is unlikely. Rather, oxLDL-induced IGF-1R protein degradation is likely mediated via a proteasome-independent pathway. Candidates include the lysosomal pathway and calpain-dependent pathway. We examined bafilomycin A1 and chloroquine as lysosomal pathway inhibitors; however, these agents were toxic after prolonged (18 -24 h) cell culture periods, which is the time frame required to observe IGF-1R downregulation; thus we were unable to determine a potential involvement of the lysosomal pathway. We also screened Fig. 7 . The effect of proteinase inhibitors on oxLDL downregulation of IGF-1R. Human aortic SMCs were exposed to native LDL (60 g/ml, shaded column) and oxLDL (60 g/ml, filled column) for 24 h with the indicated proteinase inhibitors (10 M). IGF-1R levels were determined by Western blot analysis, and relative expression levels are summarized from three independent experiments to illustrate means Ϯ SE for each group. *P Ͻ 0.01 vs. oxLDL co-incubated with no proteinase inhibitor (Non; n ϭ 3) by Student's t-test. 1 and 4) or in serum-free medium with 60 g/ml nLDL (lanes 2 and 5) or oxLDL (lanes 3 and 6) , in the presence or absence of 10 M MG-132, and lysates were subjected to Western blot analysis.
calpain-dependent proteolysis inhibitors (calpain inhibitor III, PD150606, and calpeptin) and cysteine protease inhibitors (ALLN and EST). Only ALLN effectively blocked oxLDLinduced IGF-1R downregulation. ALLN is known to inhibit calpains I and II, cathepsins B and L, and even the proteasome. Considering the ineffectiveness of other inhibitors for calpain and the proteasome, it is likely that ALLN is effective by inhibiting lysosomal protease activity, such as cathepsins B and L. The mechanism we have suggested for IGF-1R downregulation by oxLDL involves ubiquitination followed by proteasome-independent degradation. This implicates a functional role of protein ubiquitination other than targeting the particular protein to the proteasome-system (11). An analogous mechanism has been reported for ligand-induced degradation of EGF receptors, namely that the protein ubiquitination leads to lysosomal degradation (10) .
In this study, we have shown that oxLDL destabilizes IGF-1R protein via a proteasome-independent pathway that requires the ubiquitin ligase Nedd4. IGF-1R is critical for prevention of SMC death caused by oxLDL in cell culture (12, 16) and in vivo (19, 20, 24) , and oxLDL downregulation of IGF-1R is one of the foremost causes of cell death induced by oxLDL. Prevention of Nedd4-mediated IGF-1R ubiquitination and downregulation offers a potential therapeutic target to limit apoptotic cell death and subsequent destabilization of atherosclerotic plaques.
